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Photocurrent—voltage characterization is a crucial method for assessing key parameters in x-ray or y-ray semiconduc-
tor detectors, especially the carrier mobility lifetime product. However, the high biases during photocurrent measurements
tend to cause severe ion migration, which can lead to the instability and inaccuracy of the test results. Given the mixed
electronic—ionic characteristics, it is imperative to devise novel methods capable of precisely measuring photocurrent—
voltage characteristics under high bias conditions, free from interference caused by ion migration. In this paper, pulsed
bias is employed to explore the photocurrent—voltage characteristics of MAPbBr3 single crystals. The method yields stable
photocurrent—voltage characteristics at a pulsed bias of up to 30 V, proving to be effective in mitigating ion migration.
Through fitting the modified Hecht equation, we determined the mobility lifetime products of 1.0x 1072 cm?-V~! for hole
and 2.78x1073 cm?-V~! for electron. This approach offers a promising solution for accurately measuring the transport

properties of carriers in perovskite.

Keywords: perovskites, ion migration, pulsed bias, mobility lifetime product

PACS: 81.70.—q, 72.20.Jv, 81.05.Fb, 29.40.-n

1. Introduction

Halide perovskite materials exhibit significant potential
for application in optoelectronic devices.'=*! It holds promise
as a material of choice owing to its cost advantages and out-
standing physical properties.>~”] The transport characteris-
tics of charge carriers are vital aspects of perovskite materi-
als. Specifically, the carrier mobility lifetime product (1 7)
determines the performance and stability of semiconductor
devices, where u denotes the carrier mobility and 7 is the
carrier lifetime. Precise measurement of the carrier U7 is
of utmost importance. Typically, the 7 can be obtained by
strongly absorbing ionizing radiation, i.e., irradiating the sam-
ple with a-particles or y-rays and investigating the charge
collection efficiency.!®! Additionally, we can also determine
Ut by visible light with energies surpassing the bandgap to
stimulate carriers within the material, enabling the investi-
gation of photocurrent—voltage properties.!!%!! To study the
photocurrent—voltage characteristics of perovskites, it is nec-
essary to gradually increase the bias voltage for a given light

illumination with the aim of saturating the photocurrent.!!>!3]
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This requires the material to exhibit excellent stability under
high bias conditions.

Traditionally, direct current bias is the prevailing choice
for electrical measurements. Nevertheless, in the case of
halide perovskites, the conventional approach to determining
Ut involved assessing the photocurrent—voltage characteris-
tics under direct current bias. However, noteworthy photocur-
rent drift occurs at elevated direct current bias levels. Con-
sequently, while the conventional method can capture the pho-
tocurrent trend with voltage, the resulting 1T values lack accu-
racy. For example, in the prototypical MAPbBr3 single crys-
tals (SCs), both dark and light currents exhibit instability be-
yond direct current bias levels of about 2-5 V. This is because
the lattice of perovskite materials exhibits relative softness,
leading to the gradual severity of ion migration with increas-
ing voltage.!'*13] Additionally, defects within the material can
serve as channels for ion migration.[16-17]

Previous studies have demonstrated that ion migration
can be effectively mitigated through the use of pulsed volt-
age. For instance, employing pulsed voltage along with space
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charge limited current accurately determines the defect density

[18-20

and mobility of carriers. | Additionally, the combination

of pulsed voltage and the time-of-flight method enables pre-
cise measurement of carrier mobility in perovskite SCs.[21:22]
Take advantage of pulsed bias in inhibiting ion migration, min-

[23] Nevertheless, it’s

imal dark current drift can be achieved.
rarely reported on pulsed bias to enhance the stability of pho-
tocurrent.

In this study, we employed both direct current bias and
pulsed bias to investigate the photocurrent—voltage character-
istics of MAPbBr3 SCs, aiming to enhance our understanding
of the carrier transport properties in perovskite detectors. Un-
der pulsed bias conditions, up to 30 V, both dark and light
currents exhibit notable stability, confirming the effectiveness
of pulsed voltage inhibition of ion migration. With the pulsed
bias mode, we obtained stable photocurrent—voltage character-
istics. The u 7 for the hole in MAPbBr3; was determined to be
approximately 1.0x 1072 cm?-V~! and for the electron, it was
around 2.78x 1073 cm?-V~! through fitting with the modified
Hecht equation.?*23] This study presents a new approach to
understanding the current—voltage behavior of perovskite ma-
terials, enhancing the stability of investigating carrier transport
properties.

2. Experiments

Synthesis of MAPDbBr3 single crystals The modified in-
verse temperature crystal growth (ITC) method was employed
to cultivate MAPbBr3 SCs.[?6] Methyl ammonium bromide
(MABr, 99.5%) was purchased from Xi’an Spotlight Tech-
nology Co. Lead bromide (PbBr,, 99%) was purchased from
Aladdin Regent Ltd. N,N-dimethylformamide (DMF, 99.9%)
was purchased from Sigma Aldrich. Added 0.3359 g of MABr
and 1.1010 g of PbBr; to 2 ml of DMF solvent and stirred in
a 20 ml glass vial for 6 hours. Afterwards, the precursor so-
lution was filtered through a 0.22 pm polytetrafluoroethylene
filter. The solution was then heated on a hot table from 40 °C
to 60 °C and finally kept at 60 °C for crystal growth. Finally,
SCs with a thickness of about 2 mm and a size of 4-8 mm
were obtained.

Material characterization The bulk MAPbBr3 SC was
crushed into powder using mortar and pestle. Powder XRD
was performed by using an x-ray diffractometer (PANalyt-
ical Empyrean) with Cu Ko radiation. High-resolution x-
ray diffraction (XRD) rocking curves were acquired employ-
Pho-
toluminescence (PL) and time-resolved photoluminescence

ing an x-ray diffractometer (Bruker DS8-Discover).

spectra (TRPL) were captured at room temperature using a
laser-scanning fluorescence lifetime/intensity imaging system
(FLRM, Time-Tech Spectra, LLC) with a laser intensity of
1.48 uW and a 405 nm picosecond pulsed diode laser serv-
ing as the excitation source.

Device fabrication Metal electrodes were thermally
vapor-deposited onto the surfaces of SCs. In the case of hor-
izontal devices, 25 nm of C60, 10 nm of BCP, and 40 nm
of Au were successively deposited on the surface of the
7 mmx7 mmx2 mm MAPbBr; SC using a shadow mask
(Au/BCP/C60/MAPDbBr3/C60/BCP/Au). Alternatively, 40 nm
of Au was deposited on the same surface of the MAPbBr3
SC using the same method (Au/MAPbBr3/Au). The chan-
nel spacing was 0.2 mm. For vertically structured devices,
25 nm of C60, 10 nm of BCP, and 40 nm of Au were se-
quentially deposited on both sides of the 5 mmx5 mmx2 mm
MAPDbBr3 SC (Au/BCP/C60/MAPbBr3/C60/BCP/Au). Al-
ternatively, 40 nm of Au was deposited on both sides of
the MAPbBr; SC (Au/MAPbBr3/Au). The Schottky struc-
ture (Au/MAPbBr3/C60/BCP/Au) was created by depositing
40 nm of Au on one side of the MAPbBr3 SC. On the other
side, 25 nm of C60, 10 nm of BCP, and 40 nm of Au were de-
posited sequentially. The effective area of the vertical device
electrodes was 3 mmx3 mm.

Device measurement The current density—voltage (I-V)
curves were recorded using the Keithley 2634B source me-
ter. Photocurrent—voltage characteristics were assessed un-
der the illumination of a 520 nm green LED, with the device
enclosed in a lead box for measurements. Pulsed light, con-
trolled by the Keysight 33500B signal generator, illuminated
the device with a peak-to-peak value of 3 V and a period de-
noted as 7. The optical power of the LED was measured to
be about 40 uW with an optical power meter. A small aper-
ture diaphragm was added directly between the LED and the
device to be measured to focus the beam. By switching vis-
ible light on and off, the output light current and dark cur-
rent curves can be obtained with the Keithley 2634B. And the
photocurrent—voltage characteristic can be obtained by pho-
tocurrent = light current — dark current. The Keithley 2634B
source meter supplied the bias for the perovskite device. In
the pulsed bias mode, the voltage duration was #; and the wait-
ing interval was 5.

3. Results and discussion

The measurement system employed for photocurrent—
voltage characterization in direct current bias mode is shown
in Fig. 1(a), which provides a sustained voltage to the device
over an extended period. Direct current voltage is a widely
used method of electrical measurement. The testing apparatus
comprises multiple components. A source meter connects to a
perovskite detector, serving as a voltage source for the direct
current bias applied to the detector, and as a current source
for measuring the output current of the sample under exami-
nation. The signal generator applies a pulsed bias with a 50%
duty cycle to the green LED, facilitating pulsed visible light
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irradiation onto the perovskite detector’s surface. It is impera-
tive to note that, for the excitation of photogenerated carriers,
the photon energy of the light source must surpass the bandgap
of the tested perovskite material, i.e., h@® > E,. The period of
the visible light is denoted as 7. Our investigation involves
the study of photocurrent at various biases, where photocur-
rent is defined as the difference between light current and dark
current. Given the pulsed nature of the applied light, we can
directly acquire light current and dark current from the current
source connected to the computer, enabling the calculation of
the difference to determine the photocurrent.

Nevertheless, in the direct current bias mode, the light
and dark currents exhibit increasing instability as the voltage
rises,?”) as illustrated by the gradual drift in Fig. 1(b). This
phenomenon contributes to the development of a measurement
history, significantly impacting subsequent electrical measure-
ments and necessitating an extended recovery time. Conse-
quently, the photocurrent—voltage characteristics obtained un-
der these conditions are notably inaccurate due to ion migra-
tion within the perovskite SCs.

Source meter unit

(a)

g)ﬂ“ Direct current bias
B
Signal generator G
~ Applying time
o)
]
e
o Applying time| | T[T
Perovskite
[ ——
LED
Metal box
(b) —2V
20F
<
E 16}
-
=
]
-
=
O 12F
0 50 100 150 200 250 300

Time (s)
Fig. 1. (a) Schematic diagram illustrating the photocurrent—voltage
characteristics measurement system of perovskite SC detectors in di-
rect current bias mode. (b) Visible light on—off curve of MAPbBr3 SC
detector at 2 V direct current bias with drift in photocurrent and dark
current.

The perovskite material exhibits a general formula ABX3,
where A" represents organic amine cations (MA™, FA™) or in-

organic cations (Cs*), B> denotes Pb>* and other metal ions,

(28]

and X~ stands for halogen anions such as C1~, Br—, I, etc.

Prolonged direct current bias induces significant migration of
ions at the AT and X~ sites within the perovskite structure,
as depicted in Fig. 2(a). Conversely, migration of A™ and X~
within the perovskite material under pulsed bias is essentially
negligible. This method has proven effective in suppressing
ion migration within the crystal, thereby mitigating the dark
current drift.

(a) Direct current bias + ®ee .. oin

o At o X—

Pulsed bias ool g -

Source meter unit
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Fig. 2. (a) Investigation of ion migration within the perovskite ma-
terial under two operational modes: direct current bias and pulsed
bias. (b) Schematic diagram illustrating the measurement system
for photocurrent—voltage characteristics of perovskite SC detectors in
pulsed bias mode.

Therefore, we examined the photocurrent—voltage char-
acteristics under pulsed bias conditions, and the measurement
system is depicted in Fig. 2(b). In contrast to the direct current
bias mode, the source meter delivers a pulsed voltage signal to
the detector. The output parameters governing the source me-
ter include the magnitude of the pulsed bias, the voltage dura-
tion #, the waiting interval #,, and so forth. The combination
of #; and 1, constitutes one cycle of the pulsed bias voltage.
Employing this method allows for ample waiting time, where
the voltage duration #; is 50 ms, and the waiting interval 7, is
on the order of 1 s or more. The parameters of the other mea-
suring devices are consistent with those of the devices in the
direct current bias mode, e.g., the parameters of the LED. In
this mode, the optical period T must significantly exceed the
sum of 7; and #,, about 50 times longer. The specific param-
eters of the pulsed bias mode in our work are shown in Ta-
ble S1, and the schematic time sequence of pulse voltage and
LED is shown in Fig. S1. The increase in bias voltage leads
to more severe ion migration and greater drift in both right
and dark currents. To effectively suppress ion migration, it is
therefore necessary to increase the waiting interval #, during
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the measurement depending on the voltage increase. We have
investigated different waiting intervals at different voltages as
shown in Figs. S2-S5. For example, when the bias voltage
to which the vertical device is subjected is greater than 10 V.
In order to achieve the T much longer than the sum of #; and
1y, we need to simultaneously extend the LED period 7. This
approach provides sufficient recovery time for the ions in the
perovskite materials so that we can obtain stability at higher
bias voltages.

In our research, we employed MAPbBr3; SCs as the stan-
dard organic—inorganic hybridized perovskite, measuring ap-
The quality of the
SCs was assessed before the photoelectric measurements. The

proximately 5 mmx5 mm (Fig. 3(a)).

phase purity of the MAPbBr; SC is confirmed according to
the powder XRD pattern (Fig. S6). The high-resolution XRD
rocking curve of the SC yields a half-peak full width at half
maximum (FWHM) of 0.018° (Fig. 3(b)). The luminescence
properties of MAPbBr3; SCs were measured prior to fabricat-
ing the perovskite devices. The PL spectra of the recently pre-
pared SCs exhibit a peak at 542 nm (Fig. 3(c)), and TRPL
indicates a fluorescence lifetime of 35.64 ns (Fig. 3(d)). These
characterizations affirm the high quality of our SCs.

(a) | (b) — FWHM =0.018°

}

I |

|
Intensity

70 7.2 74 7.6 7.8 8.0
w(®)
@ 2.0 z 100
= ©) M 542 nm 5 10
515 i PR
< i L2107
& 1.0 5 13 a9 E t =35.64 ns
7 0.5 § o1y %310*2
g J N\ £
=1 ! 5 .
= 0 1 ZO 10—
100 200 300 400

(=)

450 500 550 600 650
Wavelength (nm)

Fig. 3. Characterization of MAPbBr3 SCs. (a) Photographs of fresh
MAPbBBr3 SC of 5 mmx5 mmx2 mm. (b) High-resolution x-ray
diffraction rocking curves of MAPbBr3 SC at (100) peak. (c) PL spectra
and (d) TRPL spectra of MAPbBr3; SC.

Time (ns)

Initially, we examined both light and dark currents under
direct current bias and pulsed bias modes on horizontal de-
vices. The horizontal device structure schematic is shown in
Figs. S7(a) and S7(b). The results are the current curves for
visible light on—off as shown in Fig. 4. The electrode channel
distance in the horizontal device is merely 0.2 mm, resulting
in a stronger electric field. In the pulsed bias mode, the pa-
rameters for voltage are set as follows: 1; =50 ms, t, = 1 s.
The period T of LED light remains constant at 100 s in both
bias modes. In the Au/MAPbBr3;/Au device, the light and dark
currents exhibit drift at 0.5 V in direct current bias mode, with

a pronounced drift occurring at 3 V (Fig. 4(a)). The extent
of drift in both light and dark currents increases with rising
direct current bias, signifying that prolonged application of di-
rect current bias will notably impact carrier transport. Under
pulsed bias mode, both light and dark currents remain highly
stable from 0.5 V to 3 V with minimal drift (Fig. 4(b)).

In the Au/BCP/C60/MAPDLBr3/C60/BCP/Au devices,
slight instability is observed in both light and dark currents
at 3 V in direct current bias mode, with the light current be-
coming significantly unstable at direct current voltages up to
7 V (Fig. 4(c)). Conversely, the light and dark currents of the
MAPDBr3 detector remain stable under pulsed bias from 1 V
to 7V (Fig. 4(d)). The effectiveness of pulsed bias was demon-
strated for horizontal devices with different electrode materi-
als. Compared with direct current bias, pulsed bias effectively
suppresses ion migration, thus preventing light and dark cur-
rents drift.

Direct current bias Pulsed bias

b
(@) 4fo5 v ()go.sv
el SN
2
2
1 1
ol 0 100 200 300 g 0 100 200 300
R Zs
s 3 g 2
Syl 0 100 200, 300 £ ;o[ 0 100 _ 200 _ 300
g 2V 5 2V
O 117 O 9
90 6
358 0 100 200, 300 18 0 100 _ 200 _ 300
N ERY 16} 3 v
14
266 12
220 10
0 100 200 300 0 100 200 300
Time (s) Time (s)
Direct current bias Pulsed bias
d
(©) 5 T (D5 —
4 10
3
5 5
16f 0 100 200 300 24179 100 —200 —300
= 12 =18
a =]
= 8 ~ 12
b =
g 40/7p 100 20 3001 & 30f O 100 ___200 __300
g 305V g 5V
3 5 25
O 20 O 20
15
65170 100 200 300 36f 0 100 200 300
527 an|7 V
26 24
0 100 200 300 0 100 200 300
Time (s) Time (s)

Fig. 4. (a), (b) Visible light on—off curves of MAPbBr3 SC detector with
Au/MAPDBr3/Au horizontal structure under various direct current biases
and pulsed biases. (c), (d) Visible light on—off curves of MAPbBr3 SC de-
tector with Au/BCP/C60/MAPbBr3;/C60/BCP/Au horizontal structure under
various direct current biases and pulsed biases.

Then we explored visible light on—off curves in direct
current bias and pulsed bias modes on vertical devices, the
structure of which is shown in Figs. S7(c) and S7(d). In the
Au/MAPDBr3/Au device, the light current exhibits drift at 1 V
direct current bias and substantial drift at 4 V (Fig. 5(a)). Un-
der pulsed bias mode, both light and dark currents remain
highly stable from 1 V to 30 V with minimal drift (Fig. 5(b)).
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In the Au/BCP/C60/MAPbBr3/C60/BCP/Au devices, the light
current exhibits instability at direct current voltages ranging
from about 3 V to 8 V (Fig. 5(c)). However, as depicted in
Fig. 5(d), the light and dark currents of the MAPbBr3 detec-
tor remain stable at pulsed bias up to 30 V. The results from
the vertical device align with those of the horizontal device,
suggesting that the pulsed bias mode can achieve stable light
and dark currents at high voltages, in contrast to the direct cur-
rent bias mode. The effectiveness of pulsed bias in inhibiting
ion migration in MAPbBr3 detectors with diverse device struc-
tures is confirmed.

(a) Direct current bias (b) Pulsed bias
14|tV 4015 v
NaUgUduE N ANV
2

0 100 200 300 60 0 100 200 300
2 75 :r:\
£ 40 £ 45
£ 5 g 30
3 330} 0 100 200 00 © 100 0 100 200 300
= 3V =} 20V
g 220 g5 80
110 60
0 100 200 0 200 _400 00

6001 v 125130 v

400 100

200 75

0 100 200 300 0 200 400 600
Time (s) Time (s)

(c) Direct current bias (d) Pulsed bias
18 S R
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2 26
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% 360 F
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£ 2405V = 120 V]
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144} 8 V g b
144 30V

108

79 120
0 100 200 300 0 200 400 600
Time (s) Time (s)

Fig. 5. (a), (b) Visible light on—off curves of MAPbBr3 SC detector with
Au/MAPDbBr3/Au vertical structure under various direct current biases and
pulsed biases. (c), (d) Visible light on—off curves of MAPbBr3 SC detector
with Au/BCP/C60/MAPbBr3/C60/BCP/Au horizontal structure under vari-
ous direct current biases and pulsed biases.

Since the Schottky structure suppresses carrier injec-
tion and dark current, so we conducted a thorough in-
vestigation into the photocurrent—voltage characteristics of
Au/MAPDBBr3/C60/BCP/Au with the Schottky structure de-
picted in Fig. 6(a). Initially, we examined the /-V hysteresis
of the MAPDbBr3; detector in the dark under two different volt-
ages using the source meter (Fig. 6(b)).[>*3!l The hysteresis
width is significantly diminished in pulsed voltage compared
to the direct current voltage. Light is directed onto the cath-
ode to acquire hole transport characteristics. Both light and
dark currents exhibit substantial drift at a direct current bias
of approximately 4 V (Fig. 6(c)). Conversely, under a high
pulsed bias of 30 V, the light and dark currents remain stable

with minimal drift (Fig. 6(d)). By increasing the waiting time
1, we can also obtain stable visible on—off curves at higher
bias voltages, such as 60 V in Fig. S4 and 100 V in Fig. S5.
The relationship between photocurrent and voltage is derived
from the disparity between light current and dark current, as
depicted in Fig. 6(e). The calculation is performed using the
enhanced Hecht equation

12

IutU [1—e #U
1= | 1)

tUn

where Iy represents the photocurrent saturation value, L de-
notes the crystal thickness, and U stands for the bias. The
equation assumes the absence of space charge in the sample
at rest, a uniform internal electric field, and a division of car-
riers generated by illumination: some drift under the external
electric field, while others undergo recombination at the sur-
face. Consequently, the pt for the hole in MAPbBr3 is de-
duced to be approximately 1.0x 1072 cm?-V~! and that of the
electron is about 2.78x 1073 cm?-V~!. They are in the same
order of magnitude compared to previous reports, as shown in
Table S2.
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Fig. 6. (a) Schematic device structure of Au/MAPbBr3/C60/BCP/Au.
(b) Current hysteresis at direct current voltage and pulse voltage.
(c), (d) Visible light on—off curves of MAPbBr; SC detector with
Au/BCP/C60/MAPDbBr3/C60/BCP/Au horizontal structure under vari-
ous direct current biases and pulsed biases. (e) Photocurrent—voltage
characteristics curve of MAPbBr3 SC detector. Dots are experimental
data and lines are fitted values.
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4. Conclusion and outlook

In conclusion, we investigated the photocurrent—voltage
characteristics of MAPbBr; SC detectors, employing both di-
rect current bias and pulsed bias. By comparing MAPbBr3
single-crystal detectors with varying device structures and
electrode materials, we proved that pulsed bias effectively mit-
igates both dark and photocurrent drift. Under direct current
bias mode at approximately 5 V, the MAPbBr3; single-crystal
detector experiences significant photocurrent drift. In contrast,
under pulsed bias, the photocurrent remains stabilized even up
to 30 V. This is attributed to the suppression of ion migration
within the perovskite SCs in pulsed bias mode, as opposed to
direct current bias. This suppression is evident in the attain-
ment of stable light and dark currents. We obtained the sta-
ble photocurrent—voltage characteristics of the MAPbBr3 SC
detector and derived the saturation photocurrent curve. The
hole mobility lifetime product u, 7, was calculated to be ap-
proximately 1.0x 1072 cm?-V~!, and the corresponding value
for electron UeTe is around 2.78x 1073 cm?-V~!. This study
verifies the accurate and stable measurement of photocurrent—
voltage characteristics in perovskite single-crystal detectors
through the utilization of pulsed bias. Additionally, it offers
novel insights into the carrier transport properties of halide
perovskites.
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